The operation of tokamak devices is based on the principle of the transformer, so it has been considered that pulse operation of such devices is inevitable. But the superconducting high-field tokamak TRIAM-1M has been demonstrated continuous operation for last 15 years and succeeded in sustaining 3 hours of constant operation in 2001. Fusion reactors of the future will use the center solenoid (CS) coil only in the ramp-up phase of the plasma current. If the coil is removed from the tokamak device, the device can be simplified and its cost will be decreased. In TRIAM-1M experiments, a perfect CS-free ramp-up was demonstrated and succeeded in sustaining the plasma current longer than 30 s. In this paper, the operation scenario, especially plasma position control, and the results of the analysis of plasma control are described.
Introduction
Future fusion reactors should sustain burning plasma continuously.
In the tokamak-type magnetic field configuration, which is the most effective of the magnetic confinement devices, considering that the plasma is confined by the poloidal magnetic field produced by plasma current and that the plasma ramp-up is achieved using the principle of transformer, it is necessary to ramp-up and sustain the plasma current using some method without the need for transformers.
On the many tokamak devices, including WT-3 [1] , JIPP T-II [2] , JT-60U [3] , TRIAM-1M [4] , and Tore Supra [5] , many kinds of current drive experiments have been performed. Most notably on the superconducing high-field tokamak TRIAM-1M at Kyushu University, although the line averaged electron density is rather low (3 × 10 18 m -3 ), an ultra-long discharge for longer than 3 hours has been demonstrated using lower hybrid current drive (LHCD) [6] . On the Tore Supra machine, highdensity long-time discharges longer than 4 minutes have also been demonstrated using LHCD [7] .
As mentioned above, the sustaining of plasma current for a long period has become possible for tokamak devices, but transformers are still used for the initial plasma. However, future fusion reactors must use transformers only at the initial plasma, and during the steady state operation phase the transformers may be not used. Thus, a new method in which the transformers, that is, CS (center solenoid) coils, are removed from tokamak device should be developed.
Experiments using an electron cyclotron resonance author's email: itoh@triam.kyushu-u.ac.jp wave (ECRW) have been performed on WT-3 [1] , and the plasma ramp-ups without the use of CS coils were successful. However, in any case, the durations were too short to allow comparison of the characteristics of plasma with CS coils and that without.
In these experiments, the superconducting highfield tokamak TRIAM-1M successfully demonstrated a perfect CS-free (without the use of CS coils) plasma current ramp-up that was sustained for longer than 30 s using lower hybrid wave (LHW).
In this paper, the relation of the plasma position and ramp-up at the initial phase, and the performance of the plasmas obtained by these experiments are described.
Overview of TRIAM-1M Device
The device parameters of TRIAM-1M are shown in Table 1 , and the performances of ECRW and LHWs for TRIAM-1M are shown in Table 2 . Table 3 shows the main plasma parameters of OH and LHCD experiments which have been obtained from TRIAM-1M for last 15 years [8] . Figure 1 shows the location of each magnetic field coil and the plasma vacuum vessel in TRIAM-1M. It is easily found that the CS coils occupy a large area in the device. Table 1 describes the major radius (R) of the plasma as 0.80 m. This value is different from both that Table 1 Dimensions of TRIAM-1M Device. at the center of the plasma vacuum vessel and that at the center of the limiter bore. These major radii are 0.84 m. The maximum toroidal field of 8 T indicates the value at Table 3 Typical plasma parameters of TRIAM-1M. As mentioned above in regard to the ordinary ohmic heating (OH) experiments in TRIAM-1M, the plasma interacts only with the inner side of the limiter and thus the plasma radius is determined, since the plasma position is controlled at the inner side of limiter bore as shown in Fig. 2 (R = 0.8 m). In contrast, in the experiments of a single null diverter configuration the plasma center is nearly R = 0.84 m as shown in Fig. 3 .
As for the heating systems, TRIAM-1M has three kinds of RF systems as shown in Table 2 . They are the 170 GHz electron cyclotron resonance wave (ECRW) used for current ramp-up without CS coils, the 2.45 GHz lower hybrid wave (LHW) used for low-density and long-duration (longer than 60 s) current drive [9] , and the 8.2 GHz LHW used for high-density and almost 60-second current drive [10] . There are two sets of 8.2 GHz LHW systems, and two types of their combinations are demonstrated. One demonstration involves launching them simultaneously in order to input greater power into the plasma (higher density experiments) [11] , while the other involves delaying the launching in order to obtain an enhanced current drive (ECD) mode [12] .
The horizontal plasma position is measured every 1 ms, and is feedback-controlled within a total time constant of 5 ms including the whole feed-back control system. The vertical position is measured every 1 ms as well. In contrast the total time constant is within 1 ms by using an analogue computer. So the power supplies for SN and SP coils use SCR, but the power supply of BH-FB coils uses a high-speed response power supply with GTO diodes.
Experimental Results
In this chapter, the experimental results using 170 GHz ECRW and 8.2 GHz LHW are described.
Examination for resonance line of ECRW
The time sequences of puffs for the filling of hydrogen gas, the reference radius of the feed-back system for horizontal shift, and the launching of both ECRW and LHW are shown in Fig. 4 . The break-down and current ramp-up by ECRW, and the current drive by LHW are performed with time difference of a few milliseconds. In this case the control of the plasma's horizontal position is very important. The equilibrium of plasma produced by ECRW is theoretically described in detail for the ramp-up phase by LHW in reference [13] . This paper, however, does not describe the vertical magnetic field, especially the method of how to control the field during the current ramp-up. In the present paper the position control method empirically obtained is described.
In order to obtain effective coupling between LHW and plasma, the plasma produced by ECRW should be controlled as close to the launcher as possible. Therefore, it is necessary to locate the resonance line as outwards as possible. But if the line is too outward at the time of current ramp-up, it is afraid that the mouth of launcher plays the role of limiter, or that the plasma touches the Mo limiter strongly and then the current ramp-up can not be obtained.
The reference radius of the horizontal position control is set at approximately R = 0.84 m (the center of limiter bore) in the ordinary TRIAM-1M long-duration experiments in order to avoid the plasma contacting only one side of the limiter. However, in light of the above, the resonance line is chosen at R = 0.884 m. Thus the toroidal magnetic field (B t ) is adjusted to 6.7 T at R = 0.80 m. In this case the distance between the tip of the launcher and the resonance line is 76 mm as shown in the left scheme in Fig. 5 . In this case the most important problem is to adjust the reference radius of the plasma position control as the current ramps up. At the time of the launch of ECRW, the reference radius is 0.884 m, then the position is gradually sifted inwards, and after the ramp-up phase the plasma is controlled at the reference radius of R = 0.84 m.
Relation between the reference and the success rate of current ramp-up
The difference of current ramp-up between R = 0.847 m, near the reference radius of the plasma's horizontal position during the long-duration discharge in which initial plasma is produced by OH, and R = 0.884 m of the resonance line of ECRW is compared. The result is shown in Table 4 . As you can see from the table, when the reference is same as the resonance line, the current ramp-up success rate is more than 90%. As the current ramps up, the plasma position is controlled towards the ordinary reference position. The same waveforms of the initial plasma produced by ohmic heating were obtained.
The position control by changing the reference in the ramp-up phase is only within 1 s. However, this control may effect the later phase of the discharge. The same phenomenon is observed in the high ion temperature mode of TRIAM-1M plasma [8] .
Current ramp-up and long sustain without the use of CS Coils
Referring to the previous paragraph, the reference radius is set at R = 0.884 m at the start time (t = 0), and then the position is shifted inwards as the current rampsup as schematically shown in Fig. 5 . The typical result is shown in Fig. 6 . The figure shows the whole waveforms of plasma current (a) and the expanded one at the current ramp-up phase (b). For comparison the waveforms of the plasma current of which initial plasma is obtained by CS coils under almost the same conditions of magnetic field and filling pressure are shown in Fig. 7 . In this figure ion temperature and lineaveraged electron density are also shown. We can easily see that the waveforms made by two types experiment are almost the same. Then it supposes that the plasma performance obtained by ECRW is almost the same as that produced through the use of CS coils. The duration is determined by the termination of LHW.
Unfortunately, during the ramp-up experiments using ECRW, the 2 mm µ wave interferometer and the neutral energy analyzer could not be operated effectively. Thus the density and the ion temperature could not be measured. The two kinds of waveforms (CS and ECRW) resemble each other, and the filling pressure and toroidal magnetic field are almost the same. So, the density and ion temperature considered to be almost the same as each other. Thus the density and ion temperature are expected to be n e ~ 1.5 × 10 19 m -3 and T i ~ 0.45 keV as shown in Fig. 7(a) .
Loop Voltage by the vertical field
The initial plasma is produced by only ECRW, but it is not easy to consider that only ECRW can drive the plasma current. On the other hand, in the TRIAM-1M device the four SN vertical field coils are located like the headband on the plasma vacuum vessel as shown in Fig. 1 , the structure may be hard to produce the loop voltage. Then it is calculated how much the loop voltage is induced by the SN coil current.
The waveforms of the SN coil current (I SN ) are shown in Fig. 8(b) (the SP coil current is zero or steadystate in the present experiments). From this waveform the dI SN /dt is calculated, and the loop voltage induced by dI SN /dt multiplied by inductance of coils is calculated as shown in Fig. 8(c) .
The time constant of plasma vacuum vessel is 0.34 ms, so it is considered that almost all the loop voltage permeates into the plasma without loss. From  Fig. 8 , when the SN coil current changes, the loop voltage of about 2 V impresses on the plasma produced by Table 4 Dependence of success rate of current ramp-up on control position. ECRW. Therefore it is considered that the voltage contributes to the current ramp-up. ECRW is sometimes considered to save the flux of CS coils. On the contrary, in the present experiments the loop voltage produced by the vertical magnetic field may contribute to the current ramp-up at the initial phase plasma by ECRW. Using same method, the loop voltage for the reference radius of R = 0.84 m at the initial ramp-up phase is calculated as shown in Fig. 9 . The loop voltage of the vertical magnetic field is almost the same as that shown in Fig. 8 , and it is clear that the control of plasma position has a large effect on the current ramp-up of the plasma.
Summary
The plasma current ramp-up and its sustain without center solenoid coils are demonstrated by precisely controlling the horizontal plasma position during the initial ramp-up phase. The plasma current is sustained longer than 30 s without CS coils. It is very important that the resonance line of ECRW is selected at the outer region of torus in order to obtain an effective coupling between a plasma and 8.2 GHz LHW, a plasma must be shifted inwards during the increase of the plasma current and that it is finally controlled at the center of the vacuum chamber. If a neutral beam injector (NBI) is used for current drive through the plasma center, the shifting control will not be needed in the horizontal direction. The change of the vertical magnetic field at the initial stage produces slight loop voltage (~2 V in TRIAM-1M case) and this voltage may effect the rampup of plasma current.
Since a thermonuclear reactor must be in continuous operation, the remove of CS coils, used only during start-up, may be economical. The present experiment demonstrates that tokamak plasma can be obtained without the use of CS coils.
